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A sequence encoding a putative extracellular endoglucanase (sso1354) was identified in the complete genome sequence of Sul-
folobus solfataricus. The encoded protein shares signature motifs with members of glycoside hydrolases family 12. After an un-
successful first attempt at cloning the full-length coding sequences in Escherichia coli, an active but unstable recombinant en-
zyme lacking a 27-residue N-terminal sequence was generated. This 27-amino-acid sequence shows significant similarity with
corresponding regions in the sugar binding proteins AraS, GlcS, and TreS of S. solfataricus that are responsible for anchoring
them to the plasma membrane. A strategy based on an effective vector/host genetic system for Sulfolobus and on expression con-
trol by the promoter of the S. solfataricus gene which encodes the glucose binding protein allowed production of the enzyme in
sufficient quantities for study. In fact, the enzyme expressed in S. solfataricus was stable and highly thermoresistant and showed
optimal activity at low pH and high temperature. The protein was detected mainly in the plasma membrane fraction, confirming
the structural similarity to the sugar binding proteins. The results of the protein expression in the two different hosts showed
that the SSO1354 enzyme is endowed with an endo-�-1-4-glucanase activity and specifically hydrolyzes cellulose. Moreover, it
also shows significant but distinguishable specificity toward several other sugar polymers, such as lichenan, xylan, debranched
arabinan, pachyman, and curdlan.

Plant cells are enclosed by primary cell walls built largely from
three classes of complex carbohydrates organized in interde-

pendent networks: pectins, cellulose, and cross-linking hemicel-
lulose (37). Cellulose is the most widespread natural and renew-
able carbon source on earth, constituting the main component of
the plant cell wall and also occurring in some algae, fungi, bacteria,
and animals (51). Cellulose molecules are linear polymers of 500
to 15,000 glucose units linked by �-1-4 diether bonds, and ex-
tended carbohydrate chains tightly associate by Van der Waals
and hydrogen bonds to form compact microfibrils (32). This
complex crystalline organization together with the heterogeneous
polysaccharide network renders plant material particularly recal-
citrant to deconstruction and poorly susceptible to both chemical
and enzymatic hydrolysis (9, 41, 42).

Complete breakdown of cellulose requires the synergistic hy-
drolytic action of three main enzyme classes: (i) endo-�-1-4-glu-
canases, (ii) exoglucanases, and (iii) �-glucosidases. Endo-�-1-4-
glucanases (EC 3.2.1.4) comprise cellulases and act directly on
polymer and/or on the shorter (poly)-oligosaccharides produced.
They randomly hydrolyze the 1,4-� bonds in more exposed chains
of less-structured and/or amorphous regions and produce oligo-
saccharides of various lengths. Exoglucanases include glucan 1,4-
�-glucosidases (cellulodextrinases) (EC 3.2.1.74) and cellulose
1,4-�-cellobiosidases (cellobiosidases); (EC 3.2.1.91). Cellulodex-
trinases and cellobiosidases act progressively on reducing and
nonreducing ends of chains even in microcrystalline (structured)
cellulose and release cellobiose and glucose, respectively. �-D-
Glucoside glucohydrolases (�-glucosidases) (EC 3.2.1.21) are in-
volved in the final step of cellulose hydrolysis, acting on the prod-
ucts of the reactions described above. In fact, they catalyze the
hydrolysis of soluble cellulodextrins (oligosaccharides composed
of three to seven glucose molecules) and cellobiose produced by
both endo- and exo-glucanases to glucose (22, 29, 36, 56).

The biotechnological potential of cellulases is currently being

exploited in industrial processes, e.g., in the paper, textile, and
detergent industries (6, 35, 57). However, the paucity of enzymes
that efficiently hydrolyze cellulose under the harsh conditions re-
quired by the specific processes represents a serious limit in the
development of industrial-scale biomass breakdown (26).

Over the last few years, the growing challenge has been the
setup of industrial-scale conversion of cellulosic biomass into fer-
mentable sugars, which can in turn be used as raw material for the
production of biofuels and other biobased high-value-added
products (2, 10, 24, 26, 35, 47, 50, 55). The main bottleneck in the
utilization of lignocellulosic plant material as a renewable energy
source alternative to fossil fuels lies in the recalcitrance of this
biomaterial to hydrolysis (15, 41). The traditional, full chemical
process (first developed in late 19th century) uses concentrated
acid solutions with heat and pressure to break down the cellulose
structure and hydrolyze the polymer. The high energy demand
and waste production (coming from the harsh process parame-
ters), together with the production of degradation compounds
that can be toxic for a further fermentation step, shaped the re-
search in developing a more sustainable mixed chemical-physical/
biological process (3, 23, 40, 49). Nowadays, a first pretreatment
step usually uses dilute acids and/or steam to weaken the crystal-
line structure of cellulose, followed by an enzymatic hydrolysis
step where a cellulolytic enzyme mixture is added to convert the
cellulose chains to glucose (1, 3, 12, 15, 19, 36). The use of enzymes
enables a reduction in the utilization of harsh chemicals and/or
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heat needed to produce fermentable sugars, raising the environ-
mental feasibility of the process.

However, biotechnological bioconversion processes still ap-
pear inefficient since they rely on the low activity and scarce resis-
tance of the currently available hydrolytic enzymes and/or intact
microorganisms (26, 46, 55, 60).

In this respect, enzymes from (hyper)thermophilic organisms
represent a key opportunity to overcome these obstacles, since
they show resistance to extreme physical-chemical conditions,
prohibitive for their counterparts from mesophilic organisms (13,
53). In fact, these enzymes can work efficiently at high tempera-
tures and low pH, required for the pretreatment of lignocellulose
biomasses (52). They can also directly participate in processes at
temperatures up to 90 to 100°C that per se accelerate transfer rates
by increasing substrate accessibility and product solubility. Sul-
folobus solfataricus is a thermoacidophile that lives in acidic volca-
nic hot springs and grows optimally up to 87°C and pH 2 to 4. It
has been shown to possess several glycoside hydrolases belonging
to the different classes mentioned above. Among others, it pro-
duces enzymes with carbohydrate depolymerizing activities, such
as endoglucanases and xylanases, as well as �-glucosidases/xylosi-
dases involved in the degradation of plant-derived complex poly-
saccharides (18, 20, 31, 38). The genome of S. solfataricus has been
sequenced, and three open reading frames (sso1354, sso1949, and
sso2534) coding for putative extracellular endoglucanases have
been identified (48). These enzymes belong to a family 12 of gly-
coside hydrolases, clan C. So far, SSO2534 and SSO1949 have been
characterized, as has the sso1949 gene expressed in Escherichia coli
(31, 38).

In this article, we describe the cloning and expression of the
sso1354 gene in different hosts—E. coli and S. solfataricus itself—
and the characterization of the recombinant endo-�-glucanase
produced. Heterologous expression in the two hosts allowed elu-
cidation of the modular structure of the enzyme and its cell local-
ization as a cell-bound protein. Comparative characterization also
highlighted interesting differences in the properties of the recom-
binant enzymes produced by the two sources, with the version of
the enzyme isolated from the natural host showing exceptional
thermostability and activity on a variety of soluble substrates.

MATERIALS AND METHODS
Strains, enzymes, reagents, and devices. The reagents used for prepara-
tion of buffers and growth media of Sulfolobus solfataricus were supplied
by Sigma-Aldrich; the yeast extract and Casamino Acids were supplied by
Becton, Dickinson (BD). The reagents for polyacrylamide gel electropho-
resis were supplied by Bio-Rad. The restriction enzymes, modification
enzymes (alkaline phosphatase, T4 DNA ligase, and T4 DNA polymer-
ase), and molecular weight markers for nucleic acids were supplied by
New England BioLabs (NEB). The Phusion DNA polymerase was sup-
plied by Finnzymes. The oligonucleotides were synthesized by PRIMM
s.r.l.; the radioactive material was supplied by Perkin Elmer. The pET 28c
vector was supplied by Novagen. The Escherichia coli MOS-blue strain
used for cloning was supplied by Amersham Pharmacia biotech; E. coli
BL21-CodonPlus(DE3) RIL cells were supplied by Stratagene. The strain
S. solfataricus G�W, a spontaneous derivative mutant of the G� strain
lacking the �-galactosidase activity (11), was used as the homologous
expression host.

sso1354 gene expression in E. coli. (i) Plasmid constructions. The
whole sso1354 coding sequence was amplified by PCR with the primers
1354-Nhe (TAAAGTAGGATAATGGCTAGCAATAAATTATATATTG)
and 1354-Sal (CAACTTTTCTGAAACTCTCCTCTAAACAGTCGACG
AC). The S. solfataricus P2 genome was used as the template for amplifi-

cation. After amplification, the fragment was purified (with the Stratagene
DNA purification kit), digested with the NheI and SalI enzymes, and
cloned into pET-28c (previously made compatible with the NheI and SalI
enzymes [recognition sites are indicated in bold letters in the oligonucleo-
tide sequences]). This construct allowed expression of the protein plus an
N-terminal 6� His tag. A DNA sequence was PCR amplified to obtain an
N-terminally truncated and His-tagged SSO1354 version, namely, a pro-
tein lacking the hydrophobic region (amino acids 1 to 27). The forward
and the reverse primers were 1354-NheI (GATGCTAGCCAGTCTCTCA
GCGTTAAACCCGTAACTA) and 1354-HindIII (GGTCTTAGAAGCTT
ATATTGTTTAGAGGAGAG), respectively. The DNA amplicon was cut
with NheI and HindIII and cloned into the vector pET-28c (the restriction
sites are indicated as bold letters, and the three nucleotides corresponding
to codon 28 of the SSO1354 coding sequence are underlined).

(ii) Expression and purification of the SSO1354 protein. The expres-
sion plasmids were used to transform E. coli BL21-CodonPlus(DE3) RIL
cells. For expression, cells were grown overnight in 10 ml of LB medium
with 50 �g/ml kanamycin and 50 �g/ml chloramphenicol at 37°C. After
scale-up to a 1-liter culture, the growth was continued up to an A600 of
about 0.6 to 0.8, and isopropyl-�-D-thiogalactopyranoside (IPTG) was
added to a final concentration of 0.4 mM. The BL21 cells were incubated
for a further 16 h at 22°C. Cells were harvested by centrifugation, resus-
pended in 50 ml of buffer (100 mM Tris-HCl, pH 7.5, 300 mM NaCl, 2
mM 2-mercaptoethanol, 0.7 mM phenylmethylsulfonyl fluoride [PMSF],
and 5% [vol/vol] glycerol), and disrupted by sonication for 5 cycles of 1
min each (B. Braun sonicator). The recombinant endoglucanase versions
carrying the 6� His tag were then purified by nickel affinity chromatog-
raphy. Both intact and N-terminus-truncated SSO1354 enzymes were
eluted at an 250 mM imidazole concentration from a HIS-Select spin
column (Sigma) and dialyzed against Tris-HCl buffer (pH 7.5).

sso1354 gene expression in S. solfataricus. (i) Plasmid construc-
tions. A Sulfolobus expression vector was constructed, inserting the
sso1354 His-tagged coding sequence fused to the putative promoter of the
glucose binding protein (glcS) gene into the pMMSV Sulfolobus/E. coli
shuttle vector (7). As a first step, an expression cassette containing the glcS
promoter and the sso1354 coding sequence was constructed. The glcS
promoter sequence (414 bp) was amplified using the primers glcS-Fw
(CCCAATAACTACTCGAGTTACTGACAACTC) and glcS-Rv (CTTCC
TTTTCATGACAATTTATGGTAACC). The sso1354 gene previously
cloned in the pGEM-T Easy vector was amplified in order to give a 5= blunt
extremity starting at the second codon; the primers were 1354-Fw (AAT
AAATTATATATTGTGCTTCCGG) and sp6 (ATTTAGGTGACACTA
TAG, target sequence on the pGEM-T Easy vector). The glcS amplification
primers were designed to insert a XhoI site (bold letters) at the 5= end and
to amplify the promoter sequence plus the first four codons of the glcS
gene. The S. solfataricus P2 genome was used as the template for amplifi-
cation of the glcS sequence. After amplifications and digestion with NsiI
and with XhoI of the sso1354 and glcS amplicons, the fragments were
purified (with the Stratagene DNA purification kit). The vector pGEM-T
Easy was digested with XhoI and NsiI and ligated to the two fragments,
and the correct vector pGEMTglcS1354 was selected. The ApaI/NsiI frag-
ment encompassing the expression cassette was inserted into the pMSSV
shuttle vector previously made end compatible with ApaI and PstI and
dephosphorylated, producing the pMSSVglcS1354 expression vector.

(ii) Expression and purification of the SSO1354 enzyme from con-
ditioned medium and cell membrane. (a) Purification from medium. S.
solfataricus G�W cells infected with the SSV2 virus were grown in in
Brock’s basal medium containing 0.1% yeast extract and 0.1% Casamino
Acids (mediumYCA) and transformed by electroporation with 50 ng of
the pMSSVglcS1354 vector (following the procedure described by Aucelli
et al., [7]). Transformed cells were scaled up in Brock’s basal medium
containing 1g/liter glucose and 1g/liter tryptone up to 50 ml. After a
scale-up to 500 ml in the same medium, the cells were grown up to an
optical density at 600 nm (OD600) of 1.2 and harvested by centrifugation.
The proteins of the supernatant were precipitated with ammonium sulfate
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(90% saturation); the pellet was resuspended in Tris-HCl buffer (25 mM,
pH 7.5), and the protein sample was extensively dialyzed against the same
buffer. After dialysis, the sample was loaded onto a Resource Q anion
exchange column (Amersham). After elution (the SSO1354 protein was
eluted at 500 mM NaCl), the recombinant enzyme carrying the 6� His tag
was purified by nickel affinity chromatography (HIS-Select spin columns;
Sigma). The active fractions (around a 250 mM imidazole concentration)
were pooled and dialyzed against Tris-HCl buffer, pH 7.5.

(b) CsCl gradient fractionation. The supernatant from 500-ml cul-
tures of S. solfataricus G�W cells transformed with the pMSSVglcS1354
vector was filtered through a 0.22-�m Seritop filter (Millipore). The fil-
trate was concentrated by ultrafiltration through a membrane (Amicon;
Millipore) with a cutoff of 30 kDa, until the retained volume was �15 ml.
Separation of macromolecular complexes was performed by centrifuga-
tion in a CsCl gradient (0.45 g/ml) for 48 h (SW60-Ti rotor, 250,000 � g,
4°C; Beckman Optima LE-80K ultracentrifuge), and the opaque bands
obtained were isolated and dialyzed extensively against 5 mM Tris-HCl
buffer (pH 7) at 4°C.

(c) Purification from cell membrane. pMSSVglcS1354-transformed
cells from 500 ml Brock’s basal medium supplemented with 0.1% (wt/vol)
glucose– 0.1% (wt/vol) tryptone (tryptone-glucose medium), respec-
tively, were harvested in the middle-log and stationary phases, namely, at
about OD600s of 0.5 and 1.2. Cell pellets were suspended in 10 ml 50 mM
Tris-HCl (pH 7.0) and ground in a mortar with sand for 1 h. After cen-
trifugation at 2,000 � g for 10 min in order to remove sand and unbroken
cells, the supernatants were ultracentrifuged at 55,000 � g for 30 min. The
clear crude extracts were stored at 4°C, whereas the pellets, containing
membrane fragments, were suspended in 25 ml 50 mM Tris-HCl (pH 7.0)
and ultracentrifuged again. The clear pellets were resuspended in 10 ml of
the same buffer containing 0.5% Triton X-100 and incubated overnight
at 70°C.

After incubation, the suspensions were ultracentrifuged as described
above. The pellets were discarded, and the supernatants were extensively
dialyzed against 25 mM Tris-HCl (pH 7.5). The membrane extracts were
loaded onto a nickel affinity gel (1.3 ml), and the specific enzyme was
eluted with increasing amounts of imidazole (10 to 500 mM) in the same
buffer.

N-terminal protein sequence. Five or six sequencing steps were per-
formed on all recombinant SSO1354 protein versions electroblotted onto
polyvinylidene difluoride (PVDF) membranes (Bio-Rad). A Perkin-
Elmer Applied Biosystems 477A pulsed-liquid protein sequencer
equipped with a model 120A phenylthiohydantoin analyzer was used for
automated N-terminal degradation and online identification/quantifica-
tion of phenylthiohydantoin amino acids.

Activity gel. Proteins were separated by SDS-PAGE in gels containing
0.1% (wt/vol) carboxymethyl (CM) cellulose (CMC) (Sigma) and rena-
tured by several washes of the gels, once with a mixture (1:4 [vol/vol]) of
propan-2-ol and 20 mM potassium phosphate buffer (in the pH range 1.8
to 2.5) or alternatively 20 mM phosphate citrate buffer (in the pH range
3.0 to 5.0) for 30 min. Subsequently, the same buffers without propanol
were used for a 30-min wash and replaced with fresh buffers, and the gels
were incubated at 75°C for 1 h. All gels were neutralized with 50 mM
potassium phosphate (pH 7) before staining with 0.1% (wt/vol) Congo
red (Sigma) for 30 min and destaining with 1 M NaCl.

Enzyme assays. An assay based on soluble chromogenic substrates
(azopolymers, polysaccharides coupled with Remazol brilliant blue R;
Megazyme) was used to detect the enzyme activity. AZO-CM-cellulose
was the substrate during purification, and AZO-derivatized pachyman
and oat-spelt xylan were used to determine the relative enzyme specificity.
The activity was measured by adding 170 �l of the specific 1% (wt/vol)
AZO-polysaccharide solution in 50 mM phosphate-citrate buffer to 170
�l of enzyme solution and incubating the reaction mix at 80°C for 5 to 30
min at pH 5.0. The pH was measured and adjusted in the final buffer-
substrate mix before incubation. The reaction was stopped by addition of
850 �l 96% ethanol to the mixture, followed by incubation at room tem-

perature for 10 min and centrifugation at 1,000 � g for 10 min. The
absorbance of the supernatants was measured at 590 nm. One unit of
enzymatic activity (RBB unit) was defined as the amount of enzyme re-
quired to increase the absorbance at 590 nm of 1 optical density per min.
Background control reactions were performed with buffer and bovine
serum albumin (BSA) at the same enzyme concentrations.

Alternatively, enzyme activity was measured by determining the
amounts of reducing sugars released from the polysaccharide substrates.
This assay was also used to evaluate the enzyme specificity toward Avicel
and �-celluloses, debranched arabinan, curdlan, and lichenan and to de-
termine the pH and temperature optima. The standard reaction mixture
was composed of 50 �l 1% (wt/vol) polysaccharide substrate in 50 mM
phosphate citrate buffer, pH 5.0, and 50 �l of the enzyme solution (the pH
was always measured and adjusted in each final buffer-substrate mix). A
mild pretreatment of Avicel and �-celluloses was necessary to obtain ho-
mogeneous suspensions: suspensions in water of the polysaccharides
(0.5% [wt/vol]) were homogenized by ultrasonication until they showed
no clump and by subsequent autoclaving. Sulfuric acid was added up to a
0.02% (vol/vol) final concentration to the resulting suspensions under
stirring. After a second ultrasonication step, the suspensions were buff-
ered at pH 5.0 with phosphate citrate buffer for the enzyme assay and
alternatively at pH 3.0 with potassium phosphate for in situ hydrolysis by
Sulfolobus cells on solid medium. Acid hydrolysis of the celluloses was
checked for low increase (less than 1.0%) of reducing ends by the Somo-
gyi-Nelson method (43), as described below.

For pH dependence, the buffers potassium phosphate in the pH range
1.8 to 2.5 and phosphate citrate in the pH range 3.0 to 7.5 were used. After
10 to 60 min of incubation at 80°C, the reactions were stopped on ice and
the amount of reducing sugars released was measured at 520 nm by the
Somogyi-Nelson method (43). One unit of enzymatic activity (SN unit)
was defined as micromoles of sugars released per minute per milliliter.

For in situ assays, plates were prepared with basal medium containing
only tryptone (0.1%) and supplemented with 0.8% (wt/vol) Gelrite
(Gellan gum; Sigma). A second solution of 0.35% Gelrite in the same
medium containing 0.1% CM-cellulose or pretreated cellulose (avicel or
�-cellulose) was overlaid after solidification. Increasing aliquots (10 to 40
�l) of the liquid cultures grown in tryptone medium up to an OD600 of 0.8
were spotted onto the Gelrite plates drop-and-dry-wise (5-�l for each
drop) in order to obtain circular spots with equal areas. Dense coloniza-
tion by cells was obtained by incubating the plates for 1 week at 80°C.
Staining with Congo red was essentially performed as described for activ-
ity gels.

Analysis of degradation products by thin-layer chromatography
(TLC). Enzymatic reactions were performed in solutions of 1% (wt/vol)
CM-cellulose at 80°C for various incubation times (2 to 16 h) under the
conditions used for the Somogyi-Nelson method. Equal enzyme amounts
(enzyme units) of recombinant Sulfolobus solfataricus �-glycosidase
kindly provided by Marco Moracci (Institute of Protein Biochemistry
[IBP], CNR) were added in parallel samples. The solutions of cellulose
were prewarmed before mixing the enzyme(s) in order to reduce viscosity.

The assay was blocked by chilling, and aliquots (60 �l) were spotted
onto a silica 60 TLC plate (Macherey-Nagel), which was developed in
ethyl acetate, H2O, acetic acid, isopropanol, formic acid, (25:15:10:5:1, by
volume) for about 2 h. Released sugars were stained with the �-naphthol
reagent after a 5-min incubation at 150°C.

RESULTS
Sequence analysis. Three putative extracellular endoglucanase se-
quences have been identified in the complete genome sequence of
S. solfataricus P2 (48): sso1354, sso1949, and sso2534. This work has
focused on the as yet uncharacterized SSO1354 gene/protein. The
first approach was to perform an in-depth sequence analysis using
bioinformatic tools. The protein sequence translated from the
sso1354 gene was aligned with sequences available in databanks
using the FASTA 3 software program on the European Bioinfor-
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matics Institute (EBI) website (http://www.ebi.ac.uk/services
/index.html). The highest identity score, 85%, was produced in
the comparison with SSO1949.

Interestingly, these sequences also show some similarities in
the flanking genomic regions; in particular, both sequences have
open reading frames (ORFs) immediately downstream encoding
characterized (SSO1353) (20) and putative (SSO1948) glycoside
hydrolases. The corresponding protein sequences of SSO1353 and
SSO1948 show a high identity percentage value, similar to that
determined for SSO1354 and SSO1949 (�86%). Moreover, sig-
nificant alignments were also produced with other ORFs flanking
SSO1354 and SSO1949, namely, sequences coding for the putative
transposases SSO1946, SSO1951, and SSO1367. This analysis per-
fectly matches a previous study described by Brouns et al. (16).
Therefore, one of two sequences was presumably generated from a
duplication/insertion event, which could have been mediated by
the transposable elements (ISs) mentioned (45).

The inspection of the databanks also revealed only 26% iden-
tity between SSO1354 and the other putative endo-�-1-4-endog-
lucanase, CelS. Furthermore, proteins producing the most signif-
icant similarity scores (excluding SSO1949) were found to be of
thermophilic bacterial origin, particularly from the genus Ther-
motoga (about 30% identity, on average, with both T. maritima
and T. neapolitana Cel12A).

The presence of the C-terminal glyco_hydro_12 conserved do-
main was identified by the analysis of the SSO1354 sequence with the
PFAM database program (available at the website www.sanger.ac.uk)
(27). Therefore, the protein can be assigned to family 12 of glycoside
hydrolase (GH) (29). Enzymes with four different catalytic activities
belong to GH family 12 (clan C): cellulase (EC 3.2.1.4), xyloglucan-
specific endo-�-1,4-glucanase (EC 3.2.1.151), licheninase (EC
3.2.1.73), and xyloglucan:xyloglucosyl transferase (EC 2.4.1.207);
these enzymes have a retaining mechanism, in which two glutamic
acid residues act as nucleophile and proton donor residues.

The structure of highly thermostable family 12 endoglucanase
(Cel12A) from the thermophilic bacterium Rhodothermus mari-
nus has been solved (21). This enzyme has been shown to have one
domain made of two �-sheets and one �-helix with a beta-jelly roll
fold, resembling the structure of xylanase family 11. The catalytic
domain of SSO1354 enzyme shares significant residues with
Cel12A (27.6% identity and 49.8% similarity), as previously
found for SSO1949 (31). The sequence similarity allowed homol-
ogy modeling of SSO1354 using the cellulase from R. marinus as a
template (Fig. 1); only the modeling of the catalytic domain (res-
idue positions 76 to 327) could be performed, since the N-termi-
nal region does not show homology to either Cel12A or other
known endoglucanases except SSO1949. The structural modeling
combined with the sequence- and structure-based alignment
clearly indicates the presence of a typical GH clan C fold in the
SSO1354 protein (14), with an active site which closely resembles
that of other cellulases of family 12. By structural modeling, two
putative catalytic glutamate residues, Glu-211 and Glu-310, were
also identified as being within the active site and highly conserved
in other GH sequences. On the basis of known structures and
well-characterized mechanisms of cellulases of GH family 12, Glu-
211 should act as a nucleophile and very likely Glu-310 displays
the acid-base function. As with several endoglucanases belonging
to the GH family 12, SSO1354 does not possess any carbohydrate
binding motif (CBM).

Interestingly, a more focused analysis of the N-terminal stretch

of SSO1354, unique among all endoglucanases, highlighted a sig-
nificant sequence and organization similarity with the corre-
sponding amino acid regions in the sugar binding proteins (SBPs)
from S. solfataricus AraS, GlcS, and TreS. These proteins, which
respectively bind arabinose, glucose, and trehalose, are the sub-
units of ATP binding cassette (ABC) transporters responsible for
sugar uptake in S. solfataricus (25).

The sequence alignment shows that SSO1354 shares overall
domain architecture with the sugar binding proteins (Fig. 2), with
a highly conserved hydrophobic region at the N terminus of all
proteins compared. A significantly similar S-T-rich stretch is also
present in all sequences aligned and connects the hydrophobic
region to the catalytic site in the case of the endoglucanases and to
the sugar binding modules in the case of the transporters. This
lipophilic domain serves as a transmembrane anchor segment.
Unlike SSO1354, the sugar binding proteins have an additional
hydrophobic stretch at the C terminus, with an identical function.

The SSO1354 sequence was also analyzed for putative N-gly-
cosylation sites, and 11 residues were found to match the consen-
sus Asn-X-Ser/Thr of the eukaryotic extracellular proteins.

Expression of the sso1354 gene in E. coli. The expression of
sso1354 sequence was undertaken in the conventional mesophilic
host E. coli with the aim to obtain higher and reproducible pro-
duction of the enzyme compared to that of the natural source, S.
solfataricus. Initially, the whole coding sequence of SSO1354 fused
with a sequence coding for an (His)�6 tag at the N terminus was
cloned into the pET28c expression vector; this vector was used to
transform E. coli BL21-CodonPlus(DE3) RIL cells. The endoglu-
canase activity and the presence of a specific SSO1354 polypeptide
were undetectable in the transformed cells. It was hypothesized
that the putative membrane-anchoring N-terminal peptide could
impair the correct folding of the SSO1354 polypeptide and hence
favor rapid degradation of the misfolded protein.

The SSO1354 DNA sequence was therefore reamplified start-
ing from codon 28 and cloned into pET28c, in order to obtain an
enzyme version lacking this peptide stretch, and fused to an N-ter-
minal 6� His tag. This strategy resulted in successful production
of recombinant enzyme in E. coli cells, with a sufficient yield for
characterization. The expression of the sso1354 gene was visual-
ized by SDS-PAGE as a main product of 35.5 kDa in mass, in good
agreement with the theoretical mass of 35,154 Da. The identity of
the protein was confirmed by automated Edman sequencing. The
activity of the enzyme was qualitatively determined by zymo-
graphic assays that revealed a specific cellulase activity band
(Fig. 3) absent in cell extracts of untransformed E. coli.

SSO1354 produced in E. coli was optimally active at high tem-
perature and low pH (80°C and pH 2.5), but unfortunately it was
also unstable and showed a very low specific activity compared to
the wild type enzyme. In fact, the specific activity (measured as the
formation of reducing ends on CM-cellulose at the optimum pH
and temperature) of the purified enzyme was only 1.2 U/mg,
whereas the total activity in the cell membrane extract of S. solfa-
taricus (grown in medium YCA, namely, under conditions not
repressive for activity on CMC [38]) was about 0.3 U/mg.

Cloning of expression cassette glcS-sso1354 in the pMSSV
vector and expression in S. solfataricus. The SSO1354 coding
sequence, including a downstream sequence coding for a 6� His
tag, was cloned downstream of the glcS gene promoter. This gene
has been demonstrated to be actively transcribed in S. solfataricus
under a variety of culture medium compositions (39), and hence
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its strong promoter was chosen to allow high-level gene expres-
sion without imposing stress on the transformed cells.

The glcS-sso1354 cassette was inserted into the polycloning site
of the pMSSV vector (7) by directional cloning. The resultant
pMSSVglcS1354 (Fig. 4A) vector could be propagated without re-
arrangements in E. coli. The plasmid was transferred by electro-
poration into S. solfataricus G�W cells infected with the helper
virus SSV2, which guarantees the maintenance and propagation
of the virus/plasmid hybrid pSSVx and its derivative vectors (11).
After several propagation steps, successful transformation was
confirmed by electrophoresis analysis of extrachromosomal DNA
digests (Fig. 4B).

The cellulase activity was subsequently visualized by a zymo-
graphic assay, indicating that the pMSSVglcS1354 vector was suc-
cessfully capable of driving the expression of the sso1354 gene.
Distribution of the enzyme as cell bound and released was depen-
dent on the growth phase of the cultures, with the membrane-

associated fraction constituting about 90% up to the mid-expo-
nential stage. In contrast, most of the cellulase activity was found
in the supernatants of steady-state cultures, but it still can be as-
cribed to the membrane-bound enzyme solubilized upon cell au-
tolysis and/or partial membrane breakdown. In fact, cesium chlo-
ride isopycnic gradients of concentrated conditioned medium
confined the SSO1354 activity to a single middle band, namely, to
a density compatible with protein-lipid complexes rather than
single free proteins. These findings also suggest that no proteolytic
cell activity had occurred at this stage of growth, since all enzyme
activity was recovered and found not interspersed across the gra-
dient.

In the interest of keeping the procedure simple, SSO1354 was
partially purified in the free released form by ammonium sulfate
precipitation of conditioned medium and nickel affinity chroma-
tography (Fig. 5). An apparent molecular mass of 45 kDa could be
attributed to the activity band in zymograms on SDS-PAGE gels.

FIG 1 Structural model of SSO1354 endo-�-1-4-glucanase. SSO1354 was aligned with cellulase from Rhodothermus marinus (R. mar). The complete sequence
is indicated only for SSO1354. The N-terminal region (amino acids [aa] 1 to 83) has no sequence similarity to all known cellulases, including the one from R.
marinus. High-consensus and low-consensus residues are indicated, respectively, in red and blue. The catalytic glutamate residues Glu-211 and Glu-308 are
highly conserved and are boxed in yellow. Therefore, the structure (A) of the SSO1354 catalytic domain (aa 76 to 327) could be modeled around the template (B)
of the cellulase from R. marinus (PDB no. 1H0B) using the EsyPred3D software program. The �-strands are colored in green and �-helices in red, and the
glutamate residues in the catalytic domain are indicated by their positions.
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This value was higher than expected (37.2 kDa), indicating that
the protein could have some posttranslational modification, such
as glycosylation.

It is worth mentioning that the outer membrane extracts of
recombinant S. solfataricus contained not only most of the
SSO1354 activity but also sugar binding proteins as the major
polypeptides present. In fact, automated Edman sequencing per-
formed on the membrane proteins after separation on SDS-PAGE
gels identified TreS and GlcS, as well as the main S-layer protein,
SlaA, in the most distinct bands, similar to what was previously

reported by Elferink et al. (25). Automated 6-step N-terminal se-
quencing of PVDF-blotted purified SSO1354 produced the amino
acid sequence IVLVPI, which confirmed protein identity and de-
fined the processing of only the first 5 residues (MNKLY). No
other overlapping sequence was determined, demonstrating that a
specific and not generic processing proteinase action occurred.
This result provided a further indication of structural similarity
with sugar ABC transporters (25), particularly with the TreS (tre-
halose binding) protein, which is cleaved after an even shorter
stretch of four residues (5). Therefore, the hydrophobic region at
the N terminus is not excised and hence is not a signal peptide for
the release of the protein outside the cell. Besides the highly posi-
tively charged residue(s) at the extreme N terminus and the hy-
drophobic region immediately after the cleavage site, no apparent
consensus matching the one defined for pilin processing could be
identified. The cleavage mode of a larger number of substrates for
type IV prepilin-like signal peptidase, such as pilin and other sugar
binding proteins (5), in Sulfolobus should be defined to include (or
not) SSO1354 as well as TreS among them.

Characterization of recombinant enzyme produced by S. sol-
fataricus. The SSO1354 protein was confirmed to be thermoaci-
dophilic, with a pH optimum of 4.0 and an optimum temperature
of 90°C. These values are much closer to those determined for the
overall cellulosic activity expressed by wild-type S. solfataricus,
than to those for the recombinant enzyme produced by E. coli.
Moreover, the specific activity was about 200-fold higher (223.5
U/mg versus 1.2 U/mg), confirming that correct processing and
posttranslational modification by the natural host are indispens-
able prerequisites for correct enzyme performance.

The enzyme was active toward carboxymethyl (CM)-cellulose,
as well as several other polymers: lichenan (a linear glucan of
{1¡3, 1¡4}-�-glycosidic bonds in a ratio of 1:2) with a 120%
activity with respect to CM-cellulose; debranched arabinan (a

FIG 2 Structural organization of SSO1354 and sugar binding proteins (SBPs). SBPs and SSO1354 endoglucanase share a similar organization, which probably
reflects a similar function of the N-terminal modules. (A) Alignment of N-terminal amino acid sequences. High-consensus and low-consensus residues are
indicated, respectively, in red and blue; putative transmembrane segments are highlighted in yellow, and the long hydrophobic stretch rich in hydroxylated amino
acids is indicated in light blue. (B) Schematic protein structures. SS, signal peptide; HS, putative transmembrane hydrophobic segment; S/T, linker region with
high percentage of hydroxylated amino acids (mainly serine and threonine); CD, catalytic domain; SBD, sugar binding domain.

FIG 3 Expression of the sso1354 gene in E. coli. Cell extracts of BL21 E. coli cells
transformed with pET28c-1354 after growth and IPTG induction were loaded
on a nickel affinity chromatography spin column for the purification of the
His-tagged protein. The protein fractions from all chromatographic steps were
analyzed by SDS-PAGE followed by Coomassie staining: marker (M), mem-
brane extract (lane 1), crude cytosolic extract (2), flowthrough (3), wash (4),
and elution with 10, 50, 100, 250, and 500 mM imidazole (5, 6, 7, 8, and 9). An
aliquot from the 250 mM imidazole elution step (lane 8) was analyzed on a
zymographic gel (containing 0.1% CMC), and the cellulase activity band was
revealed with Congo red after renaturation.
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polymeric chain of 1,5-�-linked L-arabinofuranosyl residues)
with a 25% activity; curdlan and pachyman (both polymers of
1¡3-�-linked D-glucosyl residues), with, respectively, a 26% and
22% activity; oat spelt xylan (1¡4-�-linked polymer contain pre-
dominantly D-xylose) with a 25% activity. Activities on intact mi-

crocrystalline Avicel and amorphous �-cellulose were 1 and 3%,
increasing to approximately 10 and 15%, respectively, when the
substrates were acid pretreated, as described. The low activity de-
tected with intact celluloses can be ascribed to the lack of a cellu-
lose binding motif in the sequence of SSO1354. However, for the
most convincing proof of cellulase activity, both wild-type and
recombinant Sulfolobus cells were seeded on solid medium con-
taining the dispersed substrates. After growth, clear halos of hy-
drolysis were formed only around the spots colonized by the re-
combinant Sulfolobus cells overexpressing SSO1354 (Fig. 6).
Furthermore, the SSO1354 enzyme did not hydrolyze p-nitrophe-
nyl-�-D-cellobioside and p-nitrophenyl-�-D-cellotrioside, as ob-
served for the other S. solfataricus endoglucanase SSO1949,
namely, it has no exocellulase activity, confirming that SSO1354 is
mainly an endo-1,4-� glucanase. Despite what has been previ-
ously reported (38), the third putative endoglucanase gene,
sso2534 (celS), cloned and overexpressed in a similar fashion in S.
solfataricus revealed that the overproduced enzyme was not en-
dowed with any activity toward highly polymeric substrates, such
as soluble and insoluble celluloses and hemicelluloses (data not
shown). This discrepancy in cellulose activity attribution could be
explained by the fact that the genome sequence of S. solfataricus
was not yet available at the time of the work carried out by Li-
mauro et al. (38) and hence by the lack of information about two
additional endoglucanase genes besides celS in S. solfataricus.

Therefore, the specificity profile together with in situ hydrolysis of
substrates by recombinant overexpressing cells clearly indicates that
SSO1354 is preferentially a glucanase enzyme and is responsible for
the main cellulase activity of Sulfolobus solfataricus.

pH and temperature dependence of recombinant SSO1354 ac-

FIG 4 pMSSVglcS1354 map and vector propagation in S. solfataricus cells. (A) The map of the pMSSV expression vector containing the glcS promoter fused with
the SSO1354 coding sequence is shown. (B) SalI digestions of extrachromosomal DNAs prepared from equal amounts of S. solfataricus G�W/SSV2 cells
transformed with the expression vector. The cultures were harvested at the two different growth stages, indicated as optical density values at 600 nm.

FIG 5 Expression of sso1354 sequence in S. solfataricus. Proteins of the super-
natant from transformed S. solfataricus cells were precipitated with ammo-
nium sulfate (90% saturation); the pellet was resuspended and loaded onto an
anionic exchange column. The fractions showing cellulase activity were pooled
and loaded onto nickel affinity spin columns. Samples from the nickel affinity
chromatography were analyzed by SDS-PAGE followed by Coomassie blue
and enzyme staining: marker (M), crude extract (A and E), wash (B and F),
elution with 250 mM imidazole (C and G), and elution with 500 mM imidazole
(D and H). After renaturation, cellulase activity was revealed by zymography
on a gel containing 0.1% CMC stained with Congo red.
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tivity, investigated in the range of 1.8 to 7.5 and 37 to 90°C, indi-
cated a temperature optimum of about 90°C; at this temperature,
the highest activity was found at pH 4.5. Moreover, the recombi-
nant endoglucanase showed strong thermostability; when incu-
bated at 90°C, the enzyme had a half-life of 180 min.

Qualitative activity detection by thin-layer chromatography
analysis of the hydrolyzed cellulose products confirmed that the
enzyme possesses endocellulasic activity, with cellobiose and cel-
lotriose as the final hydrolysis products in a time-dependent ac-
cumulation over 2.0- to 16.0-h incubations. As further proof, ad-
ditional hydrolysis resulting in released glucose occurred only
upon addition of the �-glycosidase enzyme from S. solfataricus to
the reaction mixture (Fig. 7).

DISCUSSION

In this work, the gene coding for the putative extracellular endo-
glucanase SSO1354 from the hyperthermophilic archaeon S. sol-
fataricus was overexpressed in homologous and heterologous
fashion, and an extensive sequence analysis was performed, with
the aim of determining the biotechnological potentiality of this
enzyme. The recombinant enzyme produced in the archaeal host
showed an activity optimum at high temperature and acidic pH
combined with a marked resistance under the same conditions.
These extraordinary features, together with the activity on a broad
range of polymeric substrates, clearly pointed to the biotechno-
logical relevance of the enzyme. The effort to expand the reper-
toire of different enzymatic activities for industrial applications is
particularly channeled toward cellulolytic enzymes, which have
become increasingly appealing over the last few years in the field of
green/white biotechnology. The use of cellulases, like SSO1354,
able to work with long operational stability under harsh condi-
tions could significantly boost the development of a sustainable
process to obtain biofuels from biomass, addressing one of the
most urgent priorities of modern society, the need to find a green,

economically feasible solution to replace fossil fuels (1, 13, 52,
53, 54).

The sequence analysis of SSO1354 and the experimental data
collected revealed some interesting details about the structural/
functional properties of the enzyme. Differently from what has
previously been indicated for the closely related SSO1949, a cell-
bound localization of the enzyme was also found. The catalytic
domain is linked by an S-T-rich stretch to the transmembrane
region, creating an architecture that could provide the enzyme
with the necessary flexibility. In fact, this motif has been previ-
ously demonstrated to be fundamental for catalytic activity in the
closely related SSO1949 enzyme (31), its absence causing inacti-
vation of the endoglucanase. Likely, the enzyme possesses a secre-
tion leader, as predicted by SignalP (and also indicated in the 1949
characterization study), but it is equipped with a leader system
similar to that found in sugar binding proteins. AraS and GlcS, like
other S. solfataricus solute binding proteins, have an unusual
leader peptide that resembles bacterial type IV prepilin signal se-
quences and is cleaved by the S. solfataricus homolog of bacterial
type IV prepilin peptidases, named PibD (5). SSO1354, similarly
to the other sugar binding protein TreS, possesses a shorter puta-
tive signal sequence that matches, even if only in part, the rela-
tively conserved consensus sequence defined as recognizable by
PibD. However, PibD has been demonstrated to display quite
broad substrate specificity and to tolerate some mutations in the
four-residue core (K/R-G/A-L/I/F-S/T/A) around the cleavage
site. This assumption is supported by the N-terminal sequencing
of the recombinant polypeptide produced homologously by S.
solfataricus: the only fragment processed and cleaved out was the

FIG 6 In situ hydrolysis of �-cellulose by Sulfolobus cells. Aliquots (10 to 40 �l,
as indicated) of late-logarithmically grown Sulfolobus solfataricus cultures were
spotted onto Gelrite/tryptone plates containing a homogeneously mixed, acid-
pretreated �-cellulose suspension. After colonization of the areas, plates were
stained with Congo red to visualize depolymerization halos. Upper areas of the
plate are wild-type cells. Lower areas are cells transformed with the sso1354
gene.

FIG 7 Thin-layer chromatography analysis of cellulose hydrolysis products.
1% CM-cellulose solutions were incubated at 80°C with SSO1354 enzyme and
with a 1:1 (enzyme units) mixture of SSO1354 and S. solfataricus �-glycosi-
dase. Aliquots of the reaction mixtures with SSO1354 (lanes 1 to 4), with
SSO1354 and �-glycosidase (lane 5), and without (lanes B0 and B16) enzyme(s)
were withdrawn at different time points and spotted onto silica plates. Reac-
tion products were separated with a mixture of ethyl acetate, H2O, acetic acid,
isopropanol, and formic acid (25:15:10:5:1) and visualized with �-naphthol
after incubation for 5 min at 120°C. Lane M, mix of cello-oligomers (3 �l of a
solution with a concentration of 5 mM [each] oligomer); B0 and B16, cellulose
solutions in buffer without enzyme(s) after no and 16 h of incubation, respec-
tively; 1, 2 h of incubation, 2, 4 h of incubation, 3,8 h of incubation, 4, 16 h of
incubation, 5, 16 h of incubation with the mixture of the two enzymes.
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stretch comprising the first five N-terminal residues, immediately
upstream of the hydrophobic region.

The sequence comparison with three cell-bound sugar binding
proteins (SBPs) of S. solfataricus, together with the activity data
about the enzyme localization and N-terminal sequencing, dem-
onstrates that the enzyme stays bound to the membrane via an-
choring mediated by the hydrophobic N-terminal leader and that
it is released into the medium only as a component of membrane
fragments produced by the stress of prolonged cell culturing.
SSO1354 is present mostly in the outer cell membrane subfrac-
tion, in which the sugar binding proteins are the major proteins.
Sugar binding proteins of S. solfataricus are essential components
together with ABC transporters for the uptake of sugars. They can
be detergent extracted from membranes as heterogeneous protein
complexes that also contain the main S-layer protein, and intrigu-
ingly, SSO1354 is also colocated with these larger structures. Re-
cently, functional expression of sugar binding proteins at the cell
surface has been demonstrated to require the so-called bindosome
assembly system (Bas) (58, 59). In fact, Bas deletion mutants have
been shown to impair, among others, the function of glucose up-
take. Although little is known about the periplasmic archaeal
space, it has been reasonably hypothesized that the association of
the bindosome and solute binding proteins at the cell surface may
allow a more efficient retrieval of sugars (and/or oligopeptides)
from the environment and enrich sugars from the medium be-
tween the S-layer and the cytoplasmic membrane. The anchoring
to the outer cell membrane and the vicinity with these protein
complexes makes this hypothesis also appropriate for SSO1354
endoglucanase: it can increase glucose oligosaccharide concentra-
tion in this “quasiperiplasm” of S. solfataricus and hence directly
provide the sugar transport complexes with substrates to take up
with significantly reduced diffusion and loss. It can also be as-
sumed that the other two endoglucanases from S. solfataricus,
which also show a similar N-terminal structure, have the same cell
localization and distribution of SSO1354. These findings open
new and intriguing perspectives on the strategy adopted by a hy-
perthermophilic archaeon like S. solfataricus to coordinate and
organize the activities involved in the breakdown and uptake of a
specific polymeric nutrient. In fact, colocalization of the endoglu-
canases and the sugar binding proteins could be advantageous,
particularly for cells living in habitats where complex carbohy-
drates are a major but scarce energy source. In this regard it is also
worth noting that despite the lack of a cellulose binding domain,
SSO1354 is the only endoglucanase of S. solfataricus endowed with
cellulose-hydrolyzing activity. Interestingly, cellulase activity in-
creases when the substrate is partially destructured under (sulfuric
acidic and hot) conditions mimicking those found in the natural
habitat of Sulfolobus cells.

The comparison of the recombinant versions of SSO1354 pro-
duced in E. coli and S. solfataricus highlighted some interesting
differences. When produced in E. coli, SSO1354 displayed maxi-
mum activity at low pH and high temperature as expected but
unfortunately also showed a marked instability and low specific
activity. The enzyme expressed in S. solfataricus was instead highly
thermoresistant (half-life of 3 h at 90°C) and also more stable than
the SSO1949 enzyme (which was characterized after production
in E. coli) (31). The effect on thermostability was most probably
due to posttranslational modifications, such as N-glycosylation,
which is present in extracellular proteins produced in Sulfolobus
(17), and so it appeared for SSO1354, whereas the polypeptide

produced in E. coli is surely not glycosylated. In general, the con-
tribution of glycosylation in increasing the resistance of proteins
to extreme conditions is well documented (8, 28, 30, 33, 34, 44).
Archeal N-linked glycans are structurally simple, being composed
of 3 to 5 sugar residues that are preferentially unbranched. Inter-
estingly, recent studies have demonstrated that more complex
structures, namely, branched glycan trees, can be found attached
to N-glycosylation sites of cell surface proteins only in (hyper)
thermophilic archaea, as reviewed by Albers and Meyer (4). These
findings would suggest that increasing degree and complexity of
glycosylation comprise a posttranslational modification selected
by evolution to provide extra stability even to proteins from hy-
perthermophiles. This also demonstrates that conventional meso-
philic bacterial hosts, unable to posttranslationally modify recom-
binant proteins, cannot be exhaustively successful for production
of extracellular proteins from archeal (hyper)thermophiles.
Therefore, effective and more sophisticated homologous expres-
sion systems are indispensable not only to better understand gene
function and protein sorting in vivo but also for the production of
fully active and best-performing enzymes, particularly in view of
their industrial applications. Further experiments aimed at fully
understanding the exact impact of posttranslational modifica-
tions on the activity/stability, in particular, and the molecular de-
terminants of adaptation of this extracellular model enzyme to the
extreme environment, in general, are under way.
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